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Abstract

Three classes of immunoglobulins have
been identified in the cow: IgG, IgA, and
IgM. The IgG immunoglobulins can be
divided into two subclasses, IgG1 and
IgG2. IgGl is selectively transported by
the udder from the eirculation to the lac-
teal secretions by a mechanism yet to be
elucidated. Hence, IgGl is the prineipal
immunoglobulin for passive immunization
of the calf. IgG1 also fixes complement and
sensitizes bovine skin. IgG2 appears more
homogeneous than IgG1l and occurs in high
concentrations in bovine serum. Bovine
IgM oceurs in serum, colostrum, and milk.
IgM is important in the primary immune
response, complement fixation, and as an
agglutinating antibody of the serum. IgM
seems to be especially associated with para-
sitie infections of Anaplasma. Bovine IgA
occurs as “secretory IgA” in milk and
colostrum. Whether secretory IgA, or any
other immunoglobulin, is synthesized lo-
cally is unknown. Also unknown is the
precise role that each immunoglobulin plays
in bovine pathology.

Transfer of immunity to the offspring
is by way of the milk and colostrum, and
there is sufficient evidence that colostrum
is necessary for immunity to disease. Al-
though IgG1 is selectively concentrated by
the bovine mammary tissue, no selectivity
has been demonstrated for the highly per-
meable calf’s gut. The reason for the fail-
ure of some calves to absorb colostral
immunoglobulins is unknown.

Additional research endeavors into the
distribution, genetics, funetion, and synthe-
sis of the bovine immunoglobulins are most
needed.

Introduction

The structure, function, and occurrence of
immunoglobulins in ecattle are consistent with
the general pattern that has been deseribed
for such molecules in more extensively studied
species such as the rabbit, human, guinea pig,
and mouse. Investigations of these species have
revealed species-specific variations from the gen-
eral pattern, which can often be related to
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peculiar physiological or genetic traits. At least
one such variation has long been recognized in
the cow. This concerns the selective accumu-
lation of bovine IgG1l in the colostrum and
normal milk. Continued research into the strue-
ture and function of bovine immunoglobulins
will eventually provide information on the
chemical basis of class homologies and the sig-
nificance of peculiar bovine features. This
review attempts to correlate the results of old
and new investigations of the bovine immune
system and to express them in the current lan-
guage of immunoglobulin research. Although
the pattern of immunoglobulins of other spe-
cies has been reviewed extensively elsewhere
(29, 87), a general description of immuno-
globulin structure and nomenclature is pre-
sented.

Characteristics of Immunoglobulins
The term immunoglobulins is general and
applies to a family of high molecular weight

_ proteins that share common physico-chemical

characteristiecs and antigenic determinants.
These proteins oceur in the serum and other
body fluids of animals and possess y- or slow
B-electrophoretic mobility. These proteins in-
clude all molecules with antibody activity, as
well as other chemically related normal or path-
logical proteins. Although certain types of
antibody activity are associated with particular
classes of immunoglobulins, their classification
is not based on the specificity of the antibody
but on the antigenic and physico-chemical char-
acteristics of these proteins. The family of
immunoglobulin molecules has a related strue-
ture. All immunoglobulins appear to be either
monomers or polymers of a four-chain molecule
consisting of two light polypeptide chains
(-chains: 20,000 mole wt) and two heavy
polypeptide chains (H-chains) with molecular
weights varying from 50,000 to 70,000 for the
different immunoglobulin classes. Figure 1
shows a linear model of a human IgG immuno-
globulin.

Immunoglobulin strueture is normally stud-
ied by reduction and alkylation of intact mole-
cules to yield their constituent polypeptide
chains. In addition, immunoglobulins can be
fragmented by proteolytic enzymes or cyano-
gen bromide. Digestion of rabbit or human
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IgG globulin with papain yields two Fab frag-
ments and a single Fe fragment (Fig. 1). The
Fab fragment contains the NH,-terminal half
of one of the heavy chains plus one of the
entire disulfide-bonded light chains, which con-
tains 214 to 221 residues. Reduction of an
Fab fragment with sulfhydryl reagents liberates
a light chain plus the 210 amino acid sequence
of the heavy chain called the Fd fragment.
The Fe fragment contains the COOH-terminal
240 to 250 amino acids of the heavy chain.
The Fe fragment also contains most of the
carbohydrate.

The COOH-terminal half of both the Fd
fragment and the light chains are highly con-
stant in their amino acid sequence, whereas
the NHo-terminal half of each of these chains
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Fie. 1. Linear model of human G immuno-
globulin. Typieal four-chain monomer = shown
with heavy (H-) and (L-) light polypeptide
chains labeled and their intra-chain disulfide loops
and inter-chain disulfide bridges indicated. P is
site of papain cleavage, and Fab and Fe are the
fragments resulting from this cleavage. Fd piece
and L-chain are produced by reduction of the Fab
fragment. CHO is location of carbohydrate moiety
on Fe fragment. <—1‘-> = antibody-combining sites
located in “variable (dotted line) portions” of
the NH: terminal ends of the H- and L-chains of
the Fab fragments. The solid lines indicate “in-
variant portion” of L- and H-chains, respectively.
Because this molecule belongs to the class IgG,
its H-chains would be called 7-chains. Figure
modified from Edelman (34) and Cohen and Mil-
stein (29).

is considerably more variable (Fig. 1), To-
gether, the NH,-terminal portions of these
two chains contain the antibody-combining site.
This site is that portion of the molecule which
can combine specifically with some chemieal
configuration of the antigen which is called the
antigenic determinant. Each IgG globulin mole-
cule has two identical antibody combining sites:
one in the NHy-terminal end of each heavy-
light chain pair (Fig. 1). The variability of
the NH,-terminal end of both heavy and light
chains is presumably related to the multitude
of antibody specificities that one individual
may possess. The Fe portion of the IgG
immunoglobulin molecule eannot combine spe-
cifically with antigen but is responsible for such
properties as complement fixation, fixation to
skin, placental transfer, and it carries species-
specific and class-specific antigenic determinants.
The individual immunoglobulin molecule or
monomer unit possesses either two kappa (x)
or two lambda (\) light polypeptide chains.
The distribution of these two chains among
immunoglobulins varies with the species and
in certain immunological phenomena. The x/A
chain ratio is high among rodents, rabbits,
and man, low among artiodactyls (cow, sheep)
and carnivores, and horses possess only A-chains
(58). In addition, the human immunoglobulins
responsible for “cold agglutination” are almost
exclusively of the -light chain type (106).
Immunoglobulins were historically, and are
currently, separated into classes on the basis
of their antigenic determinants. Modern inves-
tigations have shown that specific physico-
chemical features of the molecules of each class
are responsible for these antigenic differences.
In the human, for example, five antigenically
distinet classes of immunoglobulins have been
recognized to date and referred to as IgG(y(),
IgA(yA), IgM(yM), IgD(yD), and IgE(yE).
Although both Arabic and Greek letter desig-
nations are in accord with the World Health
Organization nomenclature report (18), the
Arabic will be used throughout this review.
Heterologous antisera (antisera raised in a
different species from the source of the immuno-
gen) produced against a mixture of molecules
representing all five classes will contain anti-
bodies specific for each class. These specific
antibodies are directed primarily toward anti-
genic determinants located on the heavy poly-
peptidé chains. Although the immunogenicity
of the r-chains is low when a part of the intact
molecule, their role in the preparation of class
specific antisera cannot be ignored. In addition
to the fact that certain experimental animals

‘may produce disproportionately large amounts
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of anti-L-chain antibodies (4), immunoglobulins
of different classes may share antigenic simi-
larities which arise from the association of
light and heavy chains (68, 108). Nevertheless,
the distinet antigenic nature of each human class
can be demonstrated by immunoelectrophoresis,
using the heterologous antisera described. A
mixture containing the five classes is electro-
phoresed in agar, troughs are cut in the agar
parallel to the direction of current flow, the
troughs are filled with the heterologous anti-
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sera, and the precipitin reaction allowed to
develop. A pattern like the one in Figure 2B
will develop in which each class of immuno-
globulin can be identified as a distinct precipi-
tin are. The class-specific heavy chains of the
different human classes are called y for IgG,
« for IgA, p for IgM, 8 for IgD, and e for
IgE.

In addition to eclass differences among im-
munoglobulins, smaller antigenic and physico-
chemical differences in the heavy polypeptide
chains within a class give rise to subclasses.
Such differences are well recognized among
the IgG immunoglobulins. In the human, four
subclasses of IgG are recognized: IgGl, IgG2,
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F1a. 2A. (Top) Diagram of immunoelectropho-
retic test which demonstrates three of the four
human IgG subelasses. Modified from Weir (126).

Fia. 2B. (Middle) Diagrammatie sketech of the
jmmunoelectrophoretic pattern of the five classes
of human immunoglobulins. The well contains a
mixture of all the human immunoglobulins. The
upper trough contains rabbit antisera prepared
against the mixture in the well. The bottom trough
contains antisera produced against only IgD and
IgE. Each class of immunoglobuling forms a dis-
tinet precipitin arec when tested in this manner.
The sketch shown is a composite of those available
in the literature (12, 126). The concentrations of
IgE and IgD in normal human serum are so low
that their respective precipitin ares may not be
visible when tested by the polyvalent antisera in
the upper trough. Hence, the bottom trough is used
to demonstrate their presence in this diagram.

F1e. 2C. (Bottom) Diagram of immunoelectro-
phoretie pattern of sheep immunoglobulins (88).
This diagram shows the three classes of immuno-
globulins identified in the sheep. The two major
subclasses of ovine IgG are illustrated, as well as
a third possible subelass labeled A
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F1a. 3. Diagrammatic models of the classes and
subelasses of human immunoglobulins. The four
subelasses of Ig@, two subclasses of IgA, secretory
IgA, IgD, IgE, and IgM are illustrated. The inter-
chain disulfide bridges are shown for all models
and, in addition, the intra-heavy chain disulfide
loops of IgE are shown, Note the differences in
disulfide bridges among the IgG subclasses, the lack
of disulfide linkage between light and heavy chains
in IgA2, and the additional intra-heavy chain di-
sulfide loops of IgE. Dotted lines between v-chains
represent possible inter-chain disulfide bridges.

Chain designations are as follows: = light
chain (x or A); ~~~, v-chain; ———, p-chain ;
vwv v, §-chain; ——-, a-chain; —@ — @, e-chain.

The approximate sedimentation constant is given
for each. Figure modified from Weir (126), with

* information on IgG@ subeclasses from Frangione et

al. (40), IgA from Abel (3), IgD from Spiegel-
berg et al. (117), and IgE from Bennich and
Johansson (12). o
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1gG3, and IgG4 (Fig. 2A). Two subclasses of
IgG are recognized in the guinea pig, sheep,
goat, ox, and rabbit (Fig. 2C); three are rec-
ognized in the mouse, horse, and rat.

The physico-chemical and antigenic differ-
ences among the heavy chains of the various
classes and subelasses of immunoglobulins are
the result of structural differences among these
molecules. For example, one principal structural
difference among the human IgG subclasses
resides in the position and number of inter-
and intra-chain disulfide bonds (Fig. 3). On
the other hand, IgM resembles a polymer, being
composed of five, four-chain subunits which
are linked by inter-subunit disulfide bonds
found on the Fe portion of their u-heavy chains
(Fig. 3). Such a configuration provides IgM
with ten, rather than two, potential antibody-

combining sites. Although IgA is notoriously.

polymerie, the structure of the monomer resem-
bles that of IgG. Exceptions occur in at least
one subelass of mouse and human IgA, in which
the light chains are held only by hydrophobie
bonds to the heavy-chain dimer (Fig. 3). The
IgA of the exocrine secretions tends to be a
dimer of the four-chain IgA unit plus a glyco-
protein called the ‘“secretory” or “transport”
piece (Fig. 3). The secretory piece is a 50,000
molecular unit which may act to stabilize exo-
crine TgA or may possibly facilitate its inter-
stitial transport. Structural studies of IgD and
IgE are still fragmentary, but available evi-
dence indicates that both have somewhat larger
H-chains than IgG or IgM and that the H-chains
are held together by a single disulfide bond.
Differences in the amount and composition of
carbohydrate are also found among eclasses.
That of IgG is relatively low (2 to 39% ecar-
bohydrate) whereas IgA contains 7 to 10%
and IgM, IgD, and IgE all contain 10 to 129%.

One of the most outstanding features of
immunoglobulins is an extreme degree of het-
erogeneity far exceeding the heterogeneity of
other well-known proteins such as serum albu-
min, B-lactoglobulin, and most enzymes. This
heterogeneity may be realized by the division
of the immunoglobulins into isotypes, allotypes,
and idiotypes on the basis of their antigenic
determinants.
result of different structural genes and form
the basis for the differentiation between the
immunoglobulin classes IgG, IgM, IgA, IgD,
and IgE. Allelic variances of the structural
genes for a given class, subelass, or type of
immunoglobulin polypeptide chain are expressed
in the allotypiec determinants (89); e.g., Gm
allotypes of human gamma chains and Inv allo-
types of human kappa and lambda chains.

Isotypie determinants are the

Idiotypic determinants reside in the Fab frag-
ment and are uniquely characteristic for the
individual (63), as inferred by the naming
of them.

The extensive heterogeneity of the immuno-
globulins of normal individuals has posed a
tedious problem for the structural studies of
these molecules. The problem has been sim-
plified to some extent by the use of highly
purified antibodies against small and well-
defined haptenic determinants, but paraproteins
by far constitute the most profitable source
for structural studies. Paraproteins are ex-
tremely homogeneous immunoglobulins pro-
duced in patients with multiple myeloma and
Waldenstrom macroglobulinemia, and are con-
sidered to be products of monoclonal lymphoid
cells.

Many of the questions eoncerning immuno-
globulin synthesis are still unanswered. The
nature of the adaptive response in the produe-
tion of specific antibodies and its correlation
with the organism’s genetic potential is one of
the biggest problems. Hence, most of the mod-
ern research efforts in immunology are directed
toward answering this question. Likewise, ques-
tions about the evolutionary origin of this adap-
tive system for protein synthesis are under
study. Studies of homologies among the various
chains or portions of chains in immunoglobulin
molecules within or between species are still
fragmentary, but such studies (56) have led
to the conclusion that the light and heavy
chains of the molecule were derived from a
common ancestral gene that determined the
sequence of a protein containing about 110
residues; ie., one half the length of a - or
MAlight chain or equaling the variable portion
of such a chain. This ancestral gene, by means
of a contiguous duplication, gave rise to a
primitive light-chain gene which determined
a sequence of 214 to 221 residues. By means
of a separate contiguous duplication, the light-
chain gene gave rise to a primitive heavy-chain
gene which determined a sequence of 440 to
450 residues.

The antigenic and physico-chemical differ-
ences among classes and subeclasses of immuno-
globulins are also correlated with differences in
the biological activity of these molecules. For
example, IgM is usually a much more effective
antibody than IgG in agglutination, phage neu-
tralization, complement fixation, and hemolysis.
Much of the efficiency of IgM can be explained
merely on the basis of size and number of
antibody-combining sites. Mild reduction of
IgM with 2-mercaptoethanol dissociates this
molecule to subunits and diminishes its bio-
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logical activity. When IgG 1s treated with
2-mercaptoethanol, antibody activity is not
affected. IgM also seems to be the first class
of antibody synthesized during the primary
antibody response. However, recent studies
(41, 65,125) shed some doubt on the universal-
ity of this characteristic.

Differences in the biological activity of sub-
classes is best illustrated by the guinea pig.
Guinea pig y» (IgG2) antibodies fix comple-
ment and also fix to the skin of a heterologous
species (heterocytotropic antibody), whereas
guinea pig 7, (IgGl) antibodies do not fix
complement and fix only to the skin of the
homologous species (homoeytotropic). These
differences reside in the Fe portion of the re-
spective molecules. Like the guinea pig, differ-
ences in complement fixation and skin fixation
are found among the subclasses of human IgG.
Similar differences are also reported among the
IgG subeclasses of the mouse and rat.

Differences in the oceurrence of immuno-
globulins ‘within the different body fluids of a
species are also associated with different classes.
In the human, IgG is the principal immuno-
globulin of the serum, while IgA is a minor
component. In the exoerine secretions of man,
IgA is the principal immunoglobulin. This
secretory IgA is usually associated with a secre-
tory piece (see page 1898).

As a group, immunoglobulins are quite stable
in aqueous buffers. All polymerize, although

some do so with much greater facility than -

others. The intact molecules are stable to
heating to 60 C for short periods of time,
although the antibody activity of certain mem-
mers is diminished or destroyed by heat. The
fragments and heavy chains are less stable in
aqueous buffers but ean be stabilized by sue-
cinylation or polyalanylation of the intact mole-
cule before digestion or reduction.

The principal methods for isolation of the
immunoglobulins involve (NH,)2S0,4 precipi-
tation, ion exchange chromatography, gel fil-
tration, and preparative electrophoresis. A
typical procedure involves the chromatography
of a 339 saturated (NH,),S0, insoluble frac-
tion of serum or secretions. The most basic
and immunoelectrophoretically slow IgG im-
munoglobulins are eluted in the breakthrough
peak from DEAE-anion exchangers. The faster
IgG immunoglobulins are eluted in the second
major peak, whereas the other classes are eluted
at somewhat higher ionic strengths or lowered
pH, or both. Sephadex G-200 is effective in
additionally separating IgM, IgA, and IgE
from the more abundant IgG molecules. The
intact molecules or their chains and fragments

can then be studied by immunoelectrophoresis,
immunodiffusion, acrylamide and starch-gel
electrophoresis, and amino acid analyses. The
physico-chemical parameters of immunoglobu-
lins can be studied by the standard methods of
protein chemistry.

Bovine Immunoglobulins

Three antigenically distinet classes of bovine
immunoglobulins have been deseribed. All occur
in serum and in the lacteal secretions and are
designated IgM, IgA, and IgG. The IgG class
is divided into two subclasses, IgG1 and IgG2.
The nomenclature is the same as that used for
apparently homologous immunoglobulins in
other species and its use here is tentative.
It is the author’s hope that a standard nomen-
clature soon will be adopted for the bovine
system.

Included in this review are discussions of
the three classes of bovine immunoglobulins,
the occurrence of immunoglobulins in the lac-
teal secretions, and passive immunization of

“the calf by way of the colostrum. In addition,

the direction of future research and the major
problems requiring attention are diseussed.
A diagrammatie immunoelectrophoretic pattern
for the bovine immunoglobulins (Fig. 4) and
a table summarizing their characteristics (Table
1) accompany the text.

Bovine IgM. An antigenically distinet mac-
roglobulin, comprising less than 10% of the
serum and colostral immunoglobulins (66),
and possessing - physico-chemical (20, 35, 45,
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Tig. 4. Diagram of generalized immunoelectro-
phoretic pattern. of bovine serum and lacteal im-
munoglobulins (22). Well 1 contains normal bo-
vine serum, Well 2 contains colostral or normal
whey. Antisera in troughs are labeled. See. IgA
is secretory IgA. Dotted are indicates position of
Kickhofen’s v1 and Groves' colostral IgG2:
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61, 67, 76, 80, 82, 83) and biological (45, 61,
69, 80, 82, 83, 99, 100) properties similar to
the IgM of other species, has been isolated
(Table 1). Moreover, immunoelectrophoretic
precipitin ares characteristic for an IgM im-
munoglobulin have been demonstrated (Fig. 4)
(10, 48, 49, 51, 96, 98). The protein is eluted
in the first peak (void volume) from Sephadex
G-200 (20, 35, 45, 67, 80) or in the third
major peak from a continuous gradient DEAE-
cellulose or DEAE-Sephadex fractionation,
.when the precipitate of a 339 saturated
(NH,),S0, preparation of serum, milk, or

colostrum is used as the starting material (20, -

83). IgM is found in the fraction eluted at
01 M salt, pH 82, during stepwise elution
from DEAE-cellulose (46, 80). IgM has been
separated from IgG by sucrose density gradi-
ent ultracentrifugation (45, 61, 99, 100), and
from IgA and IgG by acrylamide gel electro-
phoresis (45, 61). Contaminating «-2 macro-
globulin can be removed from IgM preparations
by Pevikon block electrophoresis (67 , 80). The
maeroglobulin isolated by the procedures de-
seribed has a sedimentation coefficient of 198
(20, 45, 46, 61, 67, 76, 80, 82). When analyzed
by dise electrophoresis, using 75% aecrylamide
at pH 4.3, IgM fails to enter the separating
gel but forms a dense band at the separating

gel/stacking gel interface (20, 46). Gough (45)
has reported this immunoglobulin to contain
12.3% carbohydrate. Bovine IgM is easily re-
duced by 2-mercaptoethanol (20, 82, 83, 99,
100), which also abolishes its antibody activity
(35, 45, 99, 100). When tested by immunoelee-
trophoresis, this protein forms a distinet pre-
cipitin are typicall for an IgM immunoglobulin
(20, 35, 41, 61, 76, 80, 82, 83) and apparently
identical with the are labeled IgM by investiga-
tors who did not isolate the molecule (Fig. 4).
The antigenic distinctiveness of bovine IgM,
demonstrated by immunodiffusion (20, 45) ap-
pears to reside in the Fe fragment which shares
no antigenic determinants with bovine IgG (93).
Although similar to the IgM of other species,
bovine IgM may be more electrophoretically
heterogeneous (80). When compared electro-
phoretically with ten common species, the bovine
p-chains were most similar to those of ovine IgM
(76). An IgM allotype has been reported 97),
but its validity has been questioned (14).

1 The precipitin are produced by IgM and anti-
IgM on immunoelectrophoresis is typical because
of its: a) relative position (Fig. 2B, 2C, 4)
close to the sample well and b) slow rate of for-
mation as a result of the slow diffusion rate of
IgM.

TaBLE 1. Bovine immunoglobulins.

IgG class

Classes and subclasses IgG1 IgG2 IgM IgAs
Electrophoretic

mobility? Fast y and B, v Bs Bo
Saowt - 6.3 6.6 19 10 to 12
Carbohydrate (%) 2to4 2to 4 12 8to 9
Molecular weight 163,000 150,000 900,000
Biological activities

Antibody + + + +

Allotype Al ' +d

Allotype A2 -}-d

Half-life (days) 9.6 17.7

Cone, mg/ml serum 26.44 2.6

Cone, mg/ml colostrum’ 43.34 32

Placental transmission — - - -

Lacteal transmission Pronounced Slight

Skin fixation + ?

Complement fixation + ? ?

+, Aectivity present. —, Aectivity absent. %, Questionable.
Blank spaces are eriteria that have not been tested.
® Based on the combined characteristics of similar molecules isolated by different investigators all

of which are probably IgA.
b Determined at alkaline pH.
¢ Average of values reported in literature.

4TgG class generally; no differentiation made between IgG1 and IgG2.
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The primary immune response of the cow,
when assayed for complement-fixing antibody
to Brucella (99, 100), is found almost exclu-
sively in the IgM eclass. . Although a shiff to
IgG (presumably IgGl) occurs, IgM remains
the most effective agglutinating (100) and com-
plement-fixing antibody (67, 83), although the
latter is not supported by all studies (5). Even
when specific IgG predominates, high titers of
IgM serum agglutinins in brucellosis (60, 99,
100) and during the peak parasitemia of ana-
plasmosis (67, 83) have been reported. An early
transient IgM response was also observed in
calves experimentally inoculated with Murray
Valley encephalitis virus (103). Nonspecifie
IgM may be responsible for false positive Bru-
cella tests (127). Splenectomy appears to im-
_pair or delay the IgM response in anaplasmosis
more than the IgG response (67).

Although evidence that the light chains of
IgM are identical to those of IgG is still lack-
ing, the struetural and functional data available
suggest that the protein described here as bovine
IgM is probably homologous to the IgM of
other species. This is in agreement with the
results of complement fixation studies in which
bovine p-chains ecross-react with antihuman
u-chains to the extent of 30% (76).

Bovine IgG (IgG1 and IgGR). The most
abundant and most extensively studied immuno-
globulins in the eow belong to the class IgG.
Although quantitative data are limited, at least
85 to 909 of the serum and whey immuno-
globulins are of this class (66). The over-all
physico-chemical characteristics of the class are
consistent with those of the IgG class in other
species, although certain biological properties
appear unique. The homology of bovine IgG to
the IgG of other species is supported by the
finding that human gamma chains share anti-
genie determinants with bovine, caprine, and
ovine gamma chains (1). Unlike human IgG,
bovine IgG resembles that of the sheep and the
Carnivora, and approaches that of the horse in
its x/\ chain ratio (58). Like their homologs
in other animals, the IgG immunoglobulins are
enormously heterogeneous. Unfortunately, no
bovine myelomas have been reported fo ease
the problem of their study.

Bovine Ig(3 has been isolated from serum,
milk, and colostrum. Molecules of this class
have a sedimentation coefficient of approxi-
mately 7S and contain 2 to 4% carbohydrate
(45, 47, 64, 86, 113). The hexose content of
bovine, caprine, and ovine IgG from serum and
colostrum does not differ significantly from
that of human IgG (1). The class can be sub-
divided into two subclasses by anion-exchange

chromatography, immunoelectrophoresis, immu-
nodiffusion, electrophoresis, and ethanol-frac-
tionation (20, 47, 55, 64, 66, 81, 82, 111)
(Fig. 4, Table 1).

The more basic IgG molecules are called the
Ig(G2 immunoglobulins and have a mean Sy
value of 6.6.2 These molecules move most rap-
idly to the cathode during agar electrophoresis
at pH 8.2 and acrylamide gel electrophoresis at
pH 4.3. The IgG2 immunoglobulins are not re-
tained on DEAE-cellulose in 0.01 M phosphate
buffer at pH 8.3 and are eluted in the break-
through peak (Peak 1). The IgG2 immunoglob-
ulins are plentiful in serums but occur in low
concentrations in milk, eolostrum, and saliva. In
the serum from cattle of the Red Danish Milk
Breed, Ig(2 was absent in approximately three
per cent of the eases, whereas about 14% of the
animals had subnormal levels of IgG2 (73, 84).

The subelass IgG1 consists of the less basie
IgG immunoglobulins which often appear more
heterogeneous than IgG2 by immunoelectropho-
resis and ion-exchange chromatography (20).
Although slightly lower Sgg, values have been
reported for this subclass (mean = 6.38)%, con-
siderable deviations from this value are reported
in the literature. The second major peak from
a continuous gradient DEAE-cellulose, and the
second or third (64) peak from a similar
DEAE-Sephadex fractionation of bovine im-
munoglobulins, is composed primarily of IgG1l
molecules. Although there is normally no sig-
nificant difference between the serum concentra-
tions of IgGl and IgG2 (84), IgGl is the
principal immunoglobulin of the lacteal (64,
77, 81, 94, 98, 111, 114) and salivary (121)
secretions.

The two subeclasses differ antigenically (20,
64, 94) and in amino acid composition (47, 64,
78). The IgGl molecules have a lower basie
amino acid content (47) and higher half-cystine
content than IgG2 (64). The subelasses appear
to have similar Fab fragments (82), but differ
antigenically in their Fe fragments (64, 109).
Although IgGl and IgG2 do share some anti-
genic determinants on their Fe fragments, nei-
ther share antigenic determinants with the Fe
fragment of bovine IgM (93). The antigenie
(37), electrophoretic (37, 64), and amino acid
composition and sequence (78) differences be-
tween isolated y-chains of IgG1 and IgG2 may
reside in their Fe fragments.

In a recent paper by Kickhifen et al. (64),
the IgG immunoglobulins were subdivided into
three subgroups on the basis of their behavior

2 Mean Swow values were obtained by a numerieal
average of all values available in the literature.
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on DEAE-Sephadex and immunoelectrophoresis.
These investigators refer to IgG1 as yGs (secre-
tory yG), IgG2 as 42, and an intermediate
IgG2-like subgroup as 1. The 71 and y2
subgroups differ in charge but could not be
distinguished immunologically, by half-cystine
content, or by molecular weight. Employing
sedimentation equilibrium analyses and electro-
phoresis of heavy chains in dodecyl sulfate—
polyaerylamide gel, these workers reported a
molecular weight of 163,000 for yGs (IgG1)
and 150,000 for y1 and 2 (IgG2). Originally,
Pierce and Feinstein (94) reported three IgG
subgroups but have more recently eclassified
their intermediate component as IgGl (78).
Groves and Gordon (47) have isolated an IgG
immunoglobulin from colostrum which resem-
bles the y1 of Kickhofen. Recent studies (20)
suggest that it, like Kickhofen’s y1, should be
considered an IgG2 immunoglobulin (Fig. 4).
A similar “intermediary speed” IgG globulin
was occasionally observed in the DEAE-Sepha-
dex chromatograms of ovine serum (2). Recent
studies in the sheep, another member of the
Bovidae, have demonstrated the presence of a
third IgG subelass (Fig. 2C) (30, 52; 88) which
may be the equivalent to the component observed
by Aalund et al. (2). Hence, the division of the
bovine IgG immunoglobulins into only two sub-
classes may be an oversimplification.

In the author’s opinion, the division of IgG
into subeclasses must be made on the basis of
antigenic differences known to reside in their
heavy chains. Such a ecriterion is the only one
consistent with the approach used in the study
of immunoglobulins in other species. Although
IgG2 molecules are on the whole more basic
than IgG1 molecules and, hence, appear in the
breakthrough peak during anion-exchange frae-
tionation, both subelasses are electrophoretically
heterogeneous and, as has been shown for other
species (36), show overlap in their physico-
chemical properties. For example, one cannot
always be certain that all the immunoglobu-
lins appearing in the breakthrough peak from
DEAE-Sephadex are IgG2; until they are iden-
tified antigenically. Likewise, in the rat (16),
both IgGa and IgGb have overlapping electro-
phoretic mobilities and anion-exchange behav-
ior. Hence, although differences in average
charge are useful eriteria for the initial isola-
tion of the bovine subeclasses, such a purely
physico-chemical parameter alone is not ade-
quate for their identification. The IgG immuno-
globulins are best thought of as an electropho-
retic continuum, with degrees of differences in
biological properties and antigenic determinants.
Although' the division of such heterogeneous

proteins into classes, subeclasses, or other sub-
populations serve to simplify the study of such
molecules, one must exercise caution in dividing
such a continuum into discrete units.

Within the IgG class, complement fixation
and homologous skin sensitization are princi- ‘
pally properties of the IgG1l immunoglobulins
(78, 83, 92, 98). In anaplasmosis, a progression
of agglutinating antibody from IgM to IgGl
occurs and the latter can be detected as long as
18 months post-infection (83). While early
studies indicated a half-life of 21 days for
bovine IgG2 (32), more recent experiments with
normal, female cattle above two years of age
demonstrated the plasma disappearance half-
life for TgG1 and IgG2 to be, respectively, 9.6
(#+1.2) and 17.7 (=%0.8) days (84). Similar
results were obtained in goats (1). Although
the physico-chemical and immunoelectrophoretic
behavior of IgG1 and IgG2 suggests homology
to the y1- (IgG1) and y2- (IgG2) immunoglob-
ulins of other species, the reversal of the com-
plement-fixing activity between IgG1 and IgG2
is inconsistent with what is generally true for
other species (29, 126). Recent studies, how-
ever, have shown that at least guinea pig vl is
also eapable of some complement fixation (102).
In addition, because complement fixation (a
cytotoxic activity) and homologous skin sensi-
tivity (homocytotropism) are not properties
shared by any one class of immunoglobulins,
a) the cow is either an unusual species, or
b) the IgG1 subelass is masking a yet-undiscov-
ered class of bovine immunoglobulin.

The two subelasses of IgG can be correlated
with the early preparations of Emil Smith
(111) in the following manner: Although anti-
genically heterogeneous, Smith’s pseudoglobulin
and plasma T-globulin contain mostly IgGl.
The pseudoglobulin® fraction also contains
“secretory IgA” (see later). Smith’s serum
v-globulin contains both IgG2 and IgGl and
his euglobulin® consists of IgG2-like globulins,
slower IgG1 globulins, IgA, and IgM (20).

Bovine IgA. The immunoelectrophoretic pat-
tern of *ovine milk or colostrum, and also
bovine g.rum, often shows a precipitin are pre-
sumed to be due to an immunoglobulin distinet
from IgG and IgM (Fig. 4). Isolation, partial
isolation, or immunoelectrophoretic recognition
of this protein has been reported (22, 45, 61,
69, 81, 98). The conspicuously similar (but
unnamed) precipitin arc shown in some studies
was probably also due to this protein (48, 49,
51,79, 98). Because of the lack of collaboration

3 Samples kindly provided by Dr. W. G. Gordon,
ARS, EURDD, Wyndmoor, Pennsylvania.
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among investigators, it is possible that each has
reported a distinet, but different immunoglobu-
lin. From the data available, this possibility
seems remote and the immunoglobulin in all
cases is probably IgA. On the contrary, the
immunoglobulin designated IgA by some (6, 10)
is probably, on the basis of its abundance, IgG1.

The immunoglobulin described here as IgA
is sensitive to 2-mercaptoethanol (45, 61, 82),
has a earbohydrate content of 8 to 9% (45),
and a sedimentation coefficient of 10 to 128 for
the lacteal form (22, 45, 61). The apparent
bovine IgA has been separated from IgG and
IgM by Sephadex G-200 gel filtration (22, 61),
by anion-exchange chromatography (45, 46,
81), and by aerylamide gel electrophoresis (45,
61), and appears more abundant in whey than

in serum (22). This protein can be separated ’

from IgQ by sucrose density gradient centrifu-
gation (45, 61) and can be obtained in an
enriched form by ZnSO, precipitation (45).
IgA has been shown to be antigenically distinet
from IgG and IgM by immunodiffusion (22,
45), immunoelectrophoresis (22, 45, 61), and
by absorption of rabbit anti-IgA serum with
IgG (22). Multiple precipitin ares have been
observed with some sera (45). Investigators
using early pseudoglobulin (IgG1l) preparations
also reported variable amounts of 10S material
in their samples (47, 55, 91, 112), although this
may have been due to aggregated IgG.

Agglutinating antibodies to Brucella (45, 61)
that lose their activity following treatment with
2-mercaptoethanol, have been found in this
class.

A basic glycoprotein in milk and colostrum
was first reported by Groves and Gordon (47).
It has been demonstrated that this 50,000 molec-
ular weight molecule occurs both free and bound
to lacteal IgA (21). Hence, glycoprotein-a and
lacteal IgA are probably respectively homolo-
gous to the “secretory (transport) pieece” and
“gecretory IgA” deseribed for man (123), rab-
bit (9, 27), mouse (8), and sheep (53). That
serum IgA contains no bound glycoprotein-a
(22) may explain the difference between serum
and colostrum detected by absorption and-im-
munoelectrophoresis (69).-

On the basis of its antigenie characteristies,
carbohydrate content, gel-filtration, and sedi-
mentation behavior, and its assoeiation with
glycoprotein-a, confirmation of bovine IgA ap-
pears imminent.

Lacteal and salivary immunoglobulins. Al-
though the bovine immunoglobulins fit the gen-
eral pattern deseribed for other species, a
notable deviation does oceur. The prineipal
immunoglobulin in the lacteal, lacrimal, and

salivary secretions of man (28, 50, 59, 123) and
the eolostrum of the rabbit (27) and mouse (8)
is secretory IgA. In the cow, however, it was
early demonstrated that the lacteal secretioms,
especially colostrum, eontained high levels of
immunoglobulins similar to the IgG found in
the serum (48, 49, 70, 74, 98, 111, 119). These
IgG molecules may be concentrated 2 to 13 times
their level in the serum (14, 33, 42, 66), and
may constitute 50 to 75% of the colostral pro-
tein. Nearly all these immunoglobulins belong
to the subclass IgGl (64, 77, 81, 94, 98, 111,
114) (Fig. 4). Although the concentration of
immunoglobulins is reduced in normal milk,
IgG1 is still the predominant type. In contrast
to IgG1, little TgG2 enters the lacteal secretions
(81, 94, 122) (Fig. 4). Although most chemical
and immunological evidence indicates that the
serum IgG1 and colostral or milk IgG1 are iden-
tical (48, 78, 79, 81, 93, 94), recent articles
report minor antigenic differences (1) and a
difference in half-cystine residues (64). There
is strong evidence that almost all of the IgGl
immunoglobulins are selectively transported in
an unaltered form by the acinar epithelium of
the udder from the circulation to the lacteal
secretions (13, 25, 33, 38, 42, 70, 71). Simi-
larly, unaltered transport of IgG has been
reported to oceur in the rabbit and goat (7).

Although the function of the secretory piece
of secretory IgA is still uncertain, there has
been some suggestion that this glyeoprotein is
involved in a mechanism which results in high
concentrations of IgA in the exocrine secretions
(74,.116, 123). As no secretory piece has yet
been isolated for bovine lacteal IgG1, the selec-
tive transport mechanism apparently depends on
differences in the y-chains between the IgG1 and
IgG2 (78). This seems consistent with selective
placental transfer in rabbits, which depends on
the Fe fragment of IgG (17). The selective
mechanism is further supported by the failure
of milk proteins to be transferred to serum
(70, 129). In addition to the selective mecha-
nism for Ig@1, the issue of whether other im-
munoglobulins are also more econcentrated in
colostrum than in normal milk and serum is
still undecided. While there is evidence that
other immunoglobulins are also concentrated
(6, 10, 20, 33, 67, 79), an actual decrease in
IgG2 transport during eolostrum formation has
been reported (25, 26). If it is true that all
immunoglobulins are concentrated, the accumu-
lation may be aided by the high histamine level
of the colostrum (128).

Although bovine IgG1 is the principal im-
munoglobulin of the milk and colostrum, the
concentration of bovine IgA is also higher in
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colostrum and milk than in serum (22). It
appears that the bulk of this lacteal IgA is in
the form of secretory IgA (22). The By-globulin
described by Kramer (69), responsible for the
immunological difference he detected between
serum and colostrum, may be the same as the
seeretory IgA described here.

In addition to IgG1 and IgA, IgM and IgG2
also occur in lacteal secretions. The IgM which
oceurs in lacteal secretions (45, 48, 61, 79, 81,
92, 98) is in slightly higher concentrations in
colostrum than in milk and the concentration of
IgM in colostrum is equal to the concentration
of IgM in the serum (10, 20, 66). Very little
IgG2 occurs in the lacteal secretions (81, 94,
122) and there is some evidence that lacteal
IgG2 is electrophoretically faster (in agar-gel)
than serum IgG2 (20, 77, 98). The possibility
of a general concentration increase of immuno-
globulins in colostrum has been disecussed pre-
viously.

Whether all the immunoglobulins of the colos-
trum and milk are derived from serum is not
clearly established. Campbell et al. (24) re-
ported mammary plasmocytosis immediately
before and shortly after parturition, although
more recent studies fail to substantiate this
report (33, 71, 75). When cattle are immunized
through teat canals (90, 104), antibody first
appears in the milk (104). This experiment,
however, does not prove local synthesis. The
“secretory piece (glycoprotein-a)” and “secre-
tory IgA” have not been found in the serum
(22) and are probably synthesized locally (e.g.,
mammary lymphoid and epithelial tissue) as
they are in other species (8, 9, 59, 72, 74, 101,
116, 123, 124). The occurrence of electropho-
retically faster IgG2 molecules, especially in
the lacteal secretions (20), chemical and ion-
exchange differences for serum and colostral
IgG1 (64), and the reported variations in sedi-
mentation studies of IgG1l are inecompletely
explained. For these reasons, some local synthe-
sis of milk and colostral immunoglobulins is
still likely.

Specific agglutinating antibody to Brucella
has been demonstrated for IgG1, IgM, and the
apparent IgA (60, 61). The results of systemic
immunizations indicate that specific antibody

is transported to the milk similarly to other -

immunoglobulins (13, 54, 71, 85, 98, 118).

Immunoglobulins have also been isolated from
saliva (121). These are identical with the serum
(fast) y-globulin IgG1 (121, 122).

While exoerine IgA in man has a role in
upper respiratory infections (19, 74), attempts
to show complement fixing or metabolic-inhibit-
ing antibody activity in nasal mucus of eattle

infected with Mycoplasma mycoides have failed
(31). This finding may be correlated with the
greatly reduced level of exocrine IgA in the cow.

Passive immunity of offspring. Correlated
with the high levels of IgGl in colostrum and
milk is the high permeability of the calf’s gut
during the first days after birth and the failure
of immunoglobulins to be transferred from ma-
ternal serum to the fetal calf. As a result of
the typical immune inecompetence of a fetal
mammal deprived of maternal immunoglobulins,
the serum of the newborn calf econtains few or
no immunoglobulins (10, 48, 66, 77, 96, 111,
114). Concentrations of only 0.1 to 2.0 mg/ml
have been reported for IgM and IgG, respec-
tively (66). Despite the general immune incom-
petence, day-old calves can respond to human
serum albumin, although two weeks are required
before a response to polysaccharide antigen can
be demonstrated (110).

The subject of passive immunity of the off-
spring in a wide range of species has been re-
viewed elsewhere (107, 120). It suffices to state
that as a result of the syndesmochorial placenta
of sheep, goats, and cattle, the necessary passive
immunization of the offspring is by way of
the colostrum and milk. While accumulation of
immunoglobulins in colostrum and milk is a
selective process, absorption by the calf’s gut is
not (11, 66, 92, 94, 95, 98). IgM and IgG are
absorbed with equal efficiency (67) and the
rapid absorption of the apparent IgA (61) has
also been shown. Hence, immunoglobulins ap-
pear in the serum of a newborn ealf within one
to three hours after the feeding of colostrum
(54, 77, 85, 96), and reach a maximum at 6 to
24 hr (66, 96, 105), at which time the serum
immunoglobulin pattern of the calf is essen-
tially identical with that of the dam’s colostrum
(77, 81, 96, 111, 114). These absorbed immuno-
globulins are antigenically identical to those of
the colostrum (77, 94, 96, 119). Although ab-
sorption of immunoglobulins is limited to the
first one to two days after birth (71, 119),
the absorbed immunoglobulins and the acquired
immunity remain for 14 to 67 days (14, 54, 98,
118). Calf serum remains virtually free of
intrinsic immunoglobulins for several weeks (62,
98), acquiring the typical bovine serum pattern
at six weeks (98). An unusually high number of
calves fail to absorb colostral immunoglobulins
and remain virtually agammaglobulinemic until
the mature serum pattern develops (62, 67).
Likewise, a certain number of the immunoglobu-
lins ingested by all individuals are enzymatically
degraded (92). The mechanism underlying the
failure of immunoglobulins to be absorbed is
not understood. The duration of high permea-
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bility of the calf’s gut correlates nicely with the
period of colostrum production; hence, mainte-
nance of permeability may be related to the
elevated concentration of histamine (128) or
other pharmacological mediators in the colos-
trum (71).

It is well known that calves deprived of colos-
trum are especially susceptible to death by coli-
septicemia (71) and this can be correlated with
the low level of serum immunoglobulins (43).
The same was true of death by bacteriaemia to
Escherichia coli (39). The lowered serum levels
of immunoglobulins have been correlated with
the spring of the year (44) and with calves that
had received colostrum by bucket rather than
by suckling, but uncorrelated with the level of
colostral immunoglobulins (115). Loss of bio-
logical activity of the hypothesized pharmaco-
logical mediators might explain the bucket-
feeding results. As mentioned previously, the
problem appears to be one of absorption (62,
66). There is sufficient evidence that the spe-
cific antibodies are absorbed in the same manner
as immunoglobulins (54, 61, 85, 105) and such
antibodies have a protective role for the calf
(23, 71, 118).

Although colostral antibodies provide passive
immunity to the calf, their presence in the calf
may (110) or may not (118) have a suppres-
sive effect on the animal’s own immune system.
The former has been demonstrated in the pig
(57).

Future Research

Current knowledge of the bovine immuno-
globulins is far from complete. The three
classes of immunoglobulins identified in the cow
were historically the first three identified in
extensively studied species. Little is known
about the homoeytotropic and heterocytotropic
bovine immunoglobulins, and it seems reasonable
that the IgGl immunoglobulins may be mask-
ing an IgE-like molecule which is responsible
for the homologous skin fixation observed. The
IgG immunoglobulin complex requires addi-
tional study and the demonstration of a third
IgG subelass would not be surprising. In addi-
tion to eclass and subelass differences among
bovine immunoglobulins, the issue of genetic
variation (physico-chemical or allotypic) re-
quires attention. Recently reported (15) are
two allotypes, Al and A2. Data indicate they
are both heavy chain markers controlled by
autosomal genes (14). Pilot studies (46) have
also shown that differences in the electrophoretic
behavior of IgG1 and IgA between individuals
may reflect genetic differences.

The mechanism of the selective transport of
IgG1 is not known and will probably not be

elucidated until precise structural studies are
completed. The exact role of the seeretory piece
of IgA is poorly understood in all species. The
relatively high concentration of this molecule in
bovine milk may make it a useful prototype for
funectional studies. It is not yet known whether
the failure of colostral immunoglobulins to be
absorbed by some calves is a function of the
calf’s gut or the dam’s colostrum; hence, this
problem requires study. Similarly, the fune-
tion, biosynthetic and evolutionary significance
of the predominance of A-type light chains
among pooled bovine IgG provides another area
for further studies. Finally, little is known.
about the relationship between variations or
abnormalities in the bovine immune system and
pathology in the cow. When compared to the
human, rabbit, guinea pig, and mouse, knowl-
edge of the bovine immune system is in its.
infaney.
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